We performed a population-based study to examine the influence of healthcare-associated acquisition on pathogen distribution, antimicrobial resistance, shortand long-term mortality of community-onset Gramnegative bloodstream infections (BSI). We identified 733 unique patients with community-onset Gram-negative BSI (306 healthcare-associated and 427 community-acquired) among Olmsted County, Minnesota, residents from 1 January 1998 to 31 December 2007. Multivariate logistic regression was used to examine the association between healthcare-associated acquisition and microbiological etiology and antimicrobial resistance. Multivariate Cox proportional hazards regression was used to evaluate the influence of the site of acquisition on mortality. Healthcare-associated acquisition was predictive of Pseudomonas aeruginosa (odds ratio [OR] 3.14, 95% confidence intervals [CI]: 1.59-6.57) and the group of Enterobacter, Citrobacter, and Serratia species (OR 2.23, 95% CI: 1.21-4.21) as causative pathogens of community-onset Gram-negative BSI. Healthcare-associated acquisition was also predictive of fluoroquinolone resistance among community-onset Gramnegative bloodstream isolates (OR 2.27, 95% CI: 1.18-4.53). Healthcare-associated acquisition of BSI was independently associated with higher 28-day (hazard ratio [HR] 3.73, 95% CI: 2.13-6.93) and 1-year mortality (HR 3.60, 95% CI: 2.57-5.15). Because of differences in pathogen distribution, antimicrobial resistance, and outcomes between healthcare-associated and community-acquired Gram-negative BSI, identification of patients with healthcare-associated acquisition of BSI is essential to optimize empiric antimicrobial therapy.
Introduction
Traditionally, bloodstream infections (BSI) have been classified according to the site of acquisition as either community-or hospital-acquired (nosocomial) [1] . Owing to rapidly evolving changes within the healthcare model i.e., shortened hospital stays, increasing utilization of ambulatory care interventional services, including surgical procedures, outpatient parenteral antimicrobial therapy, and chemotherapy administration, a revision in the traditional designations of infection site of acquisition seemed necessary [2] . The universal adoption of a new classification strategy, however, has not occurred.
The clinical features of healthcare-associated BSI have been well defined for cases due to Gram-positive cocci, particularly Staphylococcus aureus, and differences in outcomes and antimicrobial resistance between community-acquired and healthcare-associated infection have been demonstrated [2, 3] . In contrast, the characteristics of healthcare-associated BSI due to Gram-negative bacilli have not been clearly defined. To our knowledge, a single investigation from a large tertiarycare center has evaluated healthcare-associated Gramnegative BSI [4] . The overwhelming majority of patients in that study had healthcare-associated BSI and only a few patients had community-acquired BSI, likely because of the referral status of the patient population in that study. Moreover, the small sample size did not allow detection of differences in outcomes or antimicrobial resistance between communityacquired and healthcare-associated Gram-negative BSI.
Therefore, we identified a large population-based cohort of patients with community-onset Gram-negative BSI in Olmsted County, Minnesota, and:
1. Determined the incidence rates of community-acquired and healthcare-associated Gram-negative BSI by age, sex, and calendar year 2. Examined the influence of healthcare-associated acquisition on pathogen distribution, fluoroquinolone and third-generation cephalosporin resistance among bloodstream isolates 3. Compared the 28-day and 1-year all-cause mortality rates in patients with healthcare-associated and community-acquired Gram-negative BSI and defined risk factors associated with mortality
Because the clinical distinction between nosocomial and community-onset Gram-negative BSI has been clearly established [5, 6] , we did not include nosocomial BSI in this investigation.
Materials and methods

Setting
Olmsted County is located in southeastern Minnesota and has a population of 124,277 according to the 2000 census [7] . With the exception of a lower prevalence of persons who inject illegal drugs, a higher prevalence of middle-class persons, and a higher proportion of persons employed in the healthcare industry, the population characteristics of Olmsted County residents are similar to those of USA non-Hispanic whites [8, 9] . The Rochester Epidemiology Project (REP) is a unique medical records-linkage system that encompasses care delivered to residents of Olmsted County, Minnesota. The microbiology laboratories at the Mayo Medical Center and the Olmsted Medical Center are the only two laboratories in Olmsted County. These two medical centers are geographically isolated from other urban centers, as previously described [8, 10, 11] , which increases the likelihood that residents obtain their healthcare at the local facilities rather than seeking healthcare at a distant location geographically.
Definitions
Gram-negative BSI was defined as the growth of any aerobic Gram-negative bacillus in a blood culture. Monomicrobial Gram-negative BSI was defined as the growth of only one species of Gram-negative bacillus in a blood culture and polymicrobial BSI was defined as the growth of more than one microorganism in a blood culture, excluding coagulase-negative staphylococci, Corynebacterium spp. and Propionibacterium spp. The growth of one of the latter three microorganisms in a blood culture in addition to Gram-negative bacilli was considered to constitute skin contamination, rather than polymicrobial BSI. Cases were classified according to infection site of acquisition into nosocomial, healthcare-associated, and community-acquired, as previously defined [2] . Briefly, nosocomial BSI was defined as a positive blood culture obtained from patients who had been hospitalized for 48 h or longer. The remaining BSI were classified as community-onset and were further divided into healthcareassociated and community-acquired BSI. Healthcareassociated BSI was defined as BSI acquired outside the hospital or within 48 h of hospital admission in the setting of recent contact with the healthcare system (residents in a nursing home or long-term care facility, those who received intravenous therapy, including antimicrobial agents and chemotherapy, or underwent hemodialysis within 30 days of BSI, and those hospitalized for 2 or more days within 90 days of BSI). Community-acquired BSI was defined as BSI that did not meet the criteria for either nosocomial or healthcare-associated definitions.
The primary source of BSI was defined using the Centers for Disease Control and Prevention criteria [1] . AmpC β-lactamase-producing Enterobacteriaceae included Enterobacter, Citrobacter, and Serratia species [12] . Fluoroquinolone-resistant Gram-negative bloodstream isolates were defined as isolates that were resistant (minimum inhibitory concentration [MIC]≥4 μg/mL) or had intermediate in vitro susceptibility (MIC=2 μg/mL) to ciprofloxacin. Gram-negative bloodstream isolates were considered resistant to third-generation cephalosporins if they were resistant (MIC≥32 μg/mL) or had intermediate in vitro susceptibility (MIC=16 μg/mL) to ceftazidime.
Case ascertainment
All residents of Olmsted County, Minnesota, were eligible for inclusion as we used complete enumeration of the Olmsted County population from 1 January 1998 to 31 December 2007. After the institutional review boards of the Mayo Medical Center in Rochester, Minnesota, and the Olmsted Medical Center approved the study, we used the microbiology laboratory databases at both institutions to identify all patients with Gram-negative BSI during the study period. Using the REP tools, we identified residents of Olmsted County, Minnesota, for inclusion in the study and excluded those who lived outside Olmsted County at the time of BSI. We included patients with first episodes of monomicrobial BSI due to Gram-negative bacilli and excluded polymicrobial, nosocomial, and recurrent episodes of BSI to ensure that cases were independent of each other. The primary investigator (M. N.A.) reviewed the medical records of all patients to confirm the diagnosis, determine patient residency status and obtain clinical features, outcome, and in vitro antimicrobial susceptibility results.
Blood cultures were processed using standard microbiology techniques according to the Clinical and Laboratory Standards Institute (CLSI). The detailed blood culture methods used were described elsewhere [13, 14] . CLSI methods were employed to evaluate in vitro antimicrobial susceptibility results of Gram-negative isolates. The microbiology laboratories at the Mayo Medical Center in Rochester, Minnesota, and the Olmsted Medical Center are certified by the College of American Pathologists.
Statistical analysis
Descriptive statistics were used to summarize the data: medians and interquartile range (IQR) for continuous variables and counts and percentages for categorical variables. Chi-squared test was used to evaluate associations between categorical variables and the Wilcoxon ranksum test was used to test for differences in medians across continuous variables.
The incidence rate, expressed as the number of patients with Gram-negative BSI per 100,000 person-years, was calculated assuming that the entire population of Olmsted County was at risk of BSI. The 2000 Olmsted County census figures were used to compute the age-and genderspecific person-years denominator with a projected population growth rate after 2000 of 1.9% per year. Age was categorized into five groups (0-18, 19-39, 40-59, 60-79, and ≥ 80 years) and the 10-year study period was categorized into five 2-year intervals (1998-1999, 2000-2001, 2002-2003, 2004-2005, and 2006-2007) . The incidence rates of community-acquired and healthcareassociated Gram-negative BSI were directly adjusted to the USA 2000 white population [7] . The 95% confidence intervals (CI) for the incidence rate were estimated using a Poisson distribution.
Multivariate logistic regression analysis was used to identify independent predictors of P. aeruginosa, AmpC β-lactamase-producing Enterobacteriaceae, fluoroquinoloneand third-generation cephalosporin-resistant Gram-negative bacilli as causative agents of Gram-negative BSI. Variables were included in a multivariate logistic regression model if the p value was ≤ 0.10 in the univariate model. Odds ratios (OR) with 95% CI were calculated to indicate the strength of association between each variable and the causative pathogen. Logistic regression was also used to test for a linear change in antimicrobial resistance among healthcareassociated and community-acquired Gram-negative bloodstream isolates throughout the 10-year study period (divided into five 2-year intervals).
The Kaplan-Meier method was used to estimate the 28-day and 1-year all-cause mortality rates following healthcare-associated and community-acquired Gramnegative BSI. Patients were followed from the date of Gram-negative BSI until death or last healthcare encounter. Death was confirmed by reviewing medical records and Minnesota death registry database. Patients lost to followup were censored on the date of their last healthcare encounter. Cox proportional hazard regression was used to identify risk factors for 28-day and 1-year all-cause mortality. To identify independent risk factors for mortality, variables were included in a multivariate Cox model if the p value for a univariate association with mortality was ≤ 0.10. The proportional hazards assumption was evaluated by plotting the log integrated hazard versus time from the Kaplan-Meier method. Hazard ratios (HR) with 95% CI were presented to demonstrate the strength of association between each factor and mortality.
The following variables were considered for inclusion in the logistic regression and Cox proportional hazard regression models: age (as a continuous variable), sex (male vs female), year of diagnosis (as a continuous variable), primary source of infection (urinary vs non-urinary), and site of infection acquisition (healthcare-associated vs community-acquired). JMP (version 8.0, SAS Institute Inc, Cary, NC, USA) was used for statistical analysis. The level of significance for statistical testing was defined as p< 0.05 (two-sided) unless otherwise specified.
Results
Demographic and clinical features
Of the 733 first episodes of community-onset monomicrobial Gram-negative BSI during the 10-year study period, 306 (41.7%) were healthcare-associated and 427 (58.3%) were community-acquired. The median age of patients with healthcare-associated infection was 73 years (interquartile range [IQR]: 51-83); and 168 (54.9%) were female. Patients with community-acquired Gram-negative BSI had a median age of 66 years (IQR: 45-79) and 253 (59.3%) were female. The urinary tract was the most common primary source of infection in both community-acquired and healthcare-associated Gram-negative BSI. However, patients with community-acquired BSI were more likely than those with healthcare-associated BSI to have the primary source of infection in the urinary tract (65.8% vs 54.2%; Table 1 ). In contrast, patients with healthcare-associated BSI were more likely to have an unknown primary source of infection than patients with communityacquired BSI (20.3% vs 11.7%).
Epidemiology
The overall age-and sex-adjusted incidence rate of community-onset Gram-negative BSI was 65.7 (95% CI: 60.9-70.5) per 100,000 person-years, including 27.7 (95% CI: 24.5-30.8) per 100,000 person-years for healthcareassociated and 38.0 (95% CI: 34.4-41.6) per 100,000 person-years for community-acquired Gram-negative BSI. The age-adjusted incidence rates of healthcareassociated and community-acquired Gram-negative BSI per 100,000 person-years were 25.8 (95% CI: 21.9-29.8) and 39.8 (95% CI: 34.9-44.8) respectively in female subjects; and 31.2 (95% CI: 25.8-36.6) and 36.9 (95% CI: 31.3-42.6) respectively in male subjects. The incidence rates of healthcare-associated and communityacquired Gram-negative BSI increased with age in both female (Fig. 1a) and male subjects (Fig. 1b) . There was no apparent change in the age-and sex-adjusted incidence rate of healthcare-associated and community-acquired Gram-negative BSI throughout the 10-year study period (Fig. 2) .
Microbiology
Escherichia coli was the predominant cause of both healthcare-associated and community-acquired Gramnegative BSI; it was, however, more common among community-acquired than in healthcare-associated BSI (63.5% vs 47.4%; Table 1 ). In contrast, P. aeruginosa was a more common cause of Gram-negative BSI among patients with healthcare-associated BSI than those with community-acquired BSI (9.2% vs 2.8%). After adjustment for sex and primary source of infection in a multivariate logistic regression model, patients with healthcareassociated BSI were nearly three times more likely than those with community-acquired BSI to have P. aeruginosa as an etiology of Gram-negative BSI (OR 3.14, 95% CI: 1.59-6.57; Table 2 ).
Similarly, healthcare-associated site of acquisition was also predictive of BSI due to AmpC β-lactamase-producing Enterobacteriaceae, including Enterobacter, Citrobacter, and Serratia species (OR 2.23, 95% CI: 1.21-4.21), after (Table 2 ).
In vitro antimicrobial resistance
Among healthcare-associated and community-acquired Gram-negative bloodstream isolates that were tested for in vitro fluoroquinolone susceptibility, 8.2% and 3.7% respectively were resistant to fluoroquinolones (Table 1) . Healthcare-associated acquisition was independently associated with fluoroquinolone resistance (OR 2.19, 95% CI: 1.13-4.38), after adjustment for sex and calendar year ( Table 2 ). There was a linear increase in fluoroquinolone resistance among healthcare-associated Gram-negative bloodstream isolates between 1998 and 2007 (Fig. 3) . On the other hand, 4.4% and 2.7% of the healthcareassociated and community-acquired Gram-negative bloodstream isolates tested were resistant to third-generation cephalosporins (Table 1 ). There was no linear change in third-generation cephalosporin resistance during the study period; and healthcare-associated acquisition was not associated with third-generation cephalosporin resistance (OR 1.66, 95% CI: 0.73-3.84; Table 2 ).
Mortality
Only 5 patients (0.7%) were lost to follow-up within 28 days and 62 (8.5%) were lost to follow-up within 1 year of community-onset Gram-negative BSI. Patients with healthcare-associated Gram-negative BSI had a higher 28-day all-cause mortality than did those with communityacquired Gram-negative BSI (15.4% vs 3.5%; Fig. 4a) . In a multivariate Cox proportional hazard regression model, increasing age and healthcare-associated acquisition were associated with higher 28-day all-cause mortality, whereas a urinary source of BSI was associated with lower 28-day mortality ( Table 3) .
The 1-year all-cause mortality was also higher in patients with healthcare-associated Gram-negative BSI than in patients with community-acquired Gram-negative BSI (39.5% vs 11.0%; Fig. 4b ). In a multivariate Cox proportional hazard regression model, increasing age and healthcare-associated acquisition were associated with higher 1-year all-cause mortality, whereas a urinary source and a more recent diagnosis of BSI were associated with lower 1-year mortality (Table 3) .
Discussion
To our knowledge, this is the first population-based study to examine the significance of healthcare-associated acquisition in patients with community-onset Gram-negative BSI. We demonstrated that healthcare-associated acquisition was predictive of the microbiological etiology of Gram-negative BSI and in vitro fluoroquinolone resistance among Gramnegative bloodstream isolates. We also demonstrated that healthcare-associated acquisition was a risk factor for increased short-and long-term mortality in patients with community-onset Gram-negative BSI.
The proportion of patients with healthcare-associated Gram-negative BSI in our survey (41.7%) was considerably lower than that described in other investigations performed at large tertiary care centers (50.9-82.5%) [2] [3] [4] . This difference was likely due to a lack of referral bias in our population-based investigation. Studies from tertiary-care centers tend to identify patients with more complex underlying medical problems that are often associated with healthcare-associated acquisition [15] .
The median age of patients with healthcare-associated Gram-negative BSI in our study was higher than that in patients with community-acquired BSI, which is consistent with the results of a previous publication [4] . Moreover, the Fig. 1 Incidence rate of community-onset Gram-negative bloodstream infection by age and site of acquisition in a female subjects and b male subjects, 1998-2007 Fig. 2 Age-and sex-adjusted incidence rate of community-onset Gram-negative bloodstream infection by calendar year and site of acquisition incidence rate of healthcare-associated Gram-negative BSI exceeded that of community-acquired Gram-negative BSI in elderly patients ≥ 80 years old of both genders (Fig. 1) . This is likely due to the relatively higher proportion of elderly patients residing at nursing homes and long-term care facilities compared with patients in younger age groups.
The administration of inappropriate empiric antimicrobial therapy in patients with Gram-negative BSI has been associated with increased mortality [16] . Therefore, identification of patients at higher risk of BSI due to pathogens that potentially harbor antimicrobial resistance genes is essential for the selection of the initial antimicrobial regimen. Due to the inherent resistance mechanisms of P. aeruginosa, multiple previous studies have attempted to identify patients at higher risk of community-onset P. aeruginosa BSI [17, 18] . Many previously identified risk factors associated with P. aeruginosa BSI, including indwelling central venous catheters, prior chemotherapy and antimicrobial therapy, are criteria that support the designation of healthcare-associated acquisition. Our study provides further data that the classification proposed by Friedman et al. [2] allows for a simplified approach to identify patients with communityonset Gram-negative BSI who are at risk of BSI due to P. aeruginosa. Patients with healthcare-associated Gramnegative BSI should receive empiric antimicrobial therapy with antipseudomonal activity, including piperacillintazobactam, ticarcillin-clavulanate, ceftazidime, cefepime, carbapenems (excluding ertapenem), and aztreonam. P. aeruginosa is not the only Gram-negative bacillus that requires careful selection of empiric antimicrobial regimen. Enterobacter, Citrobacter and Serratia species have an Fig. 3 In vitro fluoroquinolone resistance rates of community-onset Gram-negative bloodstream isolates, by calendar year and site of acquisition. p value denotes a one-degree of freedom test for a linear trend using logistic regression [12, 19] . Development of resistance has been described when patients with infections due to these microorganisms were treated with third-generation cephalosporins [20, 21] . Therefore, identification of patients at high risk of BSI due to AmpC β-lactamase-producing Enterobacteriaceae is equally important. Our findings suggest that patients with healthcare-associated Gram-negative BSI should receive empiric antimicrobial agents that are not associated with a transient increase or induction of AmpC β-lactamase production, including cefepime and carbapenems [22, 23] .
The identification of healthcare-associated acquisition as a risk factor for fluoroquinolone resistance among Gramnegative bloodstream isolates has been previously described [24, 25] . We confirmed this observation in a populationbased setting with an overall lower in vitro antimicrobial resistance rate to fluoroquinolones. As previously demonstrated, studies from tertiary-care referral centers tend to over-estimate fluoroquinolone resistance rates [11] . In the current investigation, fluoroquinolone resistance rate among healthcare-associated Gram-negative bloodstream isolates approached 15% in the 2006-2007 period of the study (Fig. 3) . Therefore, empiric use of fluoroquinolone monotherapy in patients with healthcare-associated Gram-negative BSI should be discouraged.
The in vitro antimicrobial rate of resistance to thirdgeneration cephalosporins among healthcare-associated Gram-negative bloodstream isolates in this populationbased investigation was also lower than the antimicrobial resistance rates reported in tertiary-care referral centers [24, 25] . Healthcare-associated acquisition of Gram-negative BSI was not a risk factor for third-generation cephalosporin resistance in this study, which is contrary to the results of investigations performed outside the USA [24, 25] .
Our findings of a higher 28-day all-cause mortality in patients with healthcare-associated Gram-negative BSI compared with those with community-acquired BSI is consistent with the results of previous large studies that included all forms of BSI [3, 24, 26] . However, investigations with smaller sample size, including one that was limited to Gram-negative BSI, did not detect a statistically significant difference in short-term mortality between patients with healthcare-associated BSI and those with community-acquired BSI [2, 4] . Studies with a large sample size have an obvious power advantage that allows detection of a difference in outcome between the two groups. Estimating the 1-year mortality in patients with Gramnegative BSI was a unique feature of this investigation. We demonstrated that patients with community-acquired Gramnegative BSI had an excellent long-term prognosis with a 1-year all-cause mortality of 11%. In contrast, nearly 40% of patients with healthcare-associated Gram-negative BSI did not survive beyond 1 year of onset of BSI. It is of interest that the 1-year all-cause mortality in patients with Gram-negative BSI has declined over the past decade. Since there was no concomitant decline in 28-day all-cause mortality in patients with Gram-negative BSI over the same period of time, we speculate that improvements in the management of chronic underlying medical conditions, especially in elderly patients, is likely the reason for this increased long-term survival. This is likely a reflection of increased life expectancy in the general population of the USA over the past decade [27] .
The primary strengths of this study were the populationbased design, which decreased the possibility of referral bias affecting the results, the large sample size, and prolonged follow-up facilitated by the REP.
Our study has limitations. First, the population of Olmsted County consists mainly of middle class whites; therefore, our study results may be generalized only to communities with similar population characteristics. Second, our data were derived from one geographical area. The results of studies from multiple geographical locations might provide a more generalizable application. Finally, we did not provide data on chronic underlying medical conditions and previous exposure to antimicrobial agents.
Conclusions
Patients with healthcare-associated Gram-negative BSI have substantially increased short-and long-term mortality rates compared with those with community-acquired Gramnegative BSI. These differences emphasize the importance of identification of patients with healthcare-associated acquisition among those with community-onset Gramnegative BSI to optimize empiric antimicrobial therapy based on a predicted causative pathogen and antimicrobial resistance rates. Empiric antimicrobial therapy in patients with healthcare-associated Gram-negative BSI should include antimicrobial agents with antipseudomonal activity and without the ability to induce AmpC β-lactamase production. The use of fluoroquinolone monotherapy for the empiric treatment of healthcare-associated Gramnegative BSI should be discouraged because of increasing fluoroquinolone resistance among healthcare-associated Gram-negative bloodstream isolates.
